Recent studies indicate that neuroprotection afforded by brain-derived neurotrophic factor (BDNF) is mediated by extracellular signalregulated kinase (ERK) and phosphatidylinositol-3 kinase (PI3K). However, the mechanisms by which ERK and PI3K exert neuroprotection are not completely understood. Because ERK1/2 and PI3K both stimulate serum response element (SRE)-mediated gene expression, and serum response factor (SRF) is indispensable for SRE-mediated transcription, we investigated whether SRF contributes to ERK1/2 and PI3K neuroprotection. To accomplish this goal, we used an established experimental paradigm in which BDNF protects postnatal cortical neurons against both trophic deprivation and camptothecin-induced DNA damage. BDNF protection against camptothecin is mediated primarily by ERK1/2 activation, whereas its protection against trophic deprivation is mainly through stimulation of the PI3K pathway (Hetman et al., 1999 ). Here we demonstrate that expression of a wild-type SRF is sufficient to protect postnatal cortical neurons against camptothecin or trophic deprivation. Expression of a dominant-negative SRF partially reversed BDNF neuroprotection against both apoptotic insults. Moreover, the dominant-negative SRF inhibited neuroprotection against trophic withdrawal afforded by expression of a constitutive active PI3K. In addition, protection against camptothecin by expression of constitutive active mitogenactivated protein kinase kinase 1, an upstream kinase that activates ERK1/2, was also blocked by expression of the dominant-negative SRF. These data suggest that SRF is both necessary and sufficient for BDNF neuroprotection of cortical neurons against trophic deprivation and DNA damage. Our data provide a direct demonstration of a biological function of SRF in neurons and a novel downstream neuroprotective mechanism common to both ERK1/2 and PI3K pathways.
Introduction
Neurotrophins are important for the development and maintenance of the nervous system and regulate several aspects of neuronal function, including differentiation and survival (Segal and Greenberg, 1996; Kaplan and Miller, 2000) . For example, brainderived neurotrophic factor (BDNF) activates extracellular signal-regulated kinase 1/2 (ERK1/2), ERK5, and phosphatidylinositol-3 kinase (PI3K) pathways in cortical neurons to promote neuronal survival (Hetman et al., 1999; Liu et al., 2003) . However, the relative contribution of each pathway to neuronal survival depends on the specific type of cellular injury and the developmental stage of the neurons. For instance, ERK5 signaling is critical for BDNF neuroprotection against trophic deprivation in developing embryonic but not postnatal mature neurons (Liu et al., 2003; Shalizi et al., 2003) . Although the ERK1/2 pathway plays a major role in BDNF neuroprotection against DNA damage, the PI3K pathway is the dominant trophic-promoted survival mechanism in postnatal cortical neurons (Hetman et al., 1999) .
The mechanisms downstream of ERK1/2 activation that lead to neuronal survival are not completely defined. ERK1/2 activates p90 rsk , which in turn phosphorylates and inactivates the proapoptotic protein BAD . Alternatively, activation of p90 rsk and subsequent phosphorylation of cAMP response element-binding protein (CREB) as well as increased CREB-mediated gene expression constitute a potential mechanism Riccio et al., 1999) . ERK1/2 also protects cortical neurons against glycogen synthase kinase 3␤ (GSK3␤; Hetman et al., 2002) .
Activation of the PI3K signal transduction system may promote survival through several mechanisms, including phosphorylation and inhibition of GSK3␤, BAD, or caspase 9 (Cross et al., 1995; Datta et al., 1997; del Peso et al., 1997; Cardone et al., 1998; Pap and Cooper, 1998; Crowder and Freeman, 2000; Hetman et al., 2000 Hetman et al., , 2002 . The PI3K/Akt pathway can also transduce its neuroprotective signal via transcription-dependent mechanisms. For example, Akt inhibits fork-head transcription factor (FKHRL1)-mediated Fas ligand transcription, thereby suppressing apoptosis in cerebellar granule neurons .
In addition to the "passive" inhibition of proapoptotic gene transcriptions, PI3K/Akt signaling may also promote neuropro-tection via "active" induction of antiapoptotic genes. We recently discovered that PI3K activates serum response element (SRE)-and serum response factor (SRF)-dependent transcription (Poser et al., 2000) . SRF is a ubiquitous transcription factor belonging to the MADS transcription factor family (Treisman, 1994) . It binds to the cis-acting SRE as a dimer and is obligatory for the activation of SRE-mediated gene expression (Norman et al., 1988) . SRE is important for mitogen-stimulated transcription of c-fos and many immediate early genes (Treisman, 1995) . Because SRE/ SRF-mediated transcription is required for PI3K-regualted cell proliferation in PC12 and NIH3TC cells (Poser et al., 2000) , we were interested in determining whether SRE/SRF-dependent transcription plays a role in PI3K-promoted neuroprotection.
In addition to SRF, SRE can also interact with other transcription factors, including the ternary complex factor (TCF), a family of Ets domain-containing transcription factors, including Elk-1, Sap-1a, Sap-1b, and Sap-2/Net/ERP (Rao et al., 1989; Shaw et al., 1989; Hipskind et al., 1991; Dalton and Treisman, 1992; Giovane et al., 1994; Treisman, 1994) . TCFs form a ternary complex composed of an SRF dimer and a single molecule of TCF Shaw, 1992; Treisman, 1992) . Phosphorylation of TCFs by members of the MAP kinase family including ERK1/2 is critical for its ability to stimulate transcription in response to serum or growth factor addition (Gille et al., 1992; Janknecht et al., 1993; Marais et al., 1993; Hipskind et al., 1994; Gille et al., 1995; Miranti et al., 1995; Price et al., 1995; Xia et al., 1996; Davis, 2000; Johnson and Lapadat, 2002) . Because SRF is obligatory for SRE-mediated transcription, and TCFs interact with SRE only when SRF is already bound, we investigated the possibility that SRE/SRF-mediated transcription is also critical for neuroprotection downstream of the ERK1/2 signaling pathway.
In this study, we report that BDNF activates SRE-mediated transcription in cortical neurons in an SRF-dependent manner. By transfecting cortical neurons with various dominant negative and constitutive active constructs of the pathways, we demonstrate a critical role for SRF in neuroprotection downstream of ERK1/2 and PI3K signaling.
Materials and Methods
Materials. The following plasmids have been described: UB6-lacZ, cloning vector CGN, wild-type and dominant-negative SRF, 5ϫSRE-luc reporter, constitutive active PI3 kinase catalytic subunit (p110*), a dominant negative PI3K (dn p85), a constitutive active mitogen-activated protein kinase kinase (MKK)1 (Hetman et al., 1999; Poser et al., 2000) , pSV␣1 for the ␣-globin gene (Shyu et al., 1989) , pAF42.SRE.wt and pAF42.SRE.mut2 (Rivera et al., 1990) , and pAF42.SRE.pm1 (Misra et al., 1994) . Camptothecin and cytosine-␤-d-arabinofuranoside were purchased from Sigma (St. Louis, MO). The specific kinase inhibitors LY294002 and PD98059 were purchased from Calbiochem (San Diego, CA). BDNF and LipofectAMINE 2000 were purchased from Invitrogen (Carlsbad, CA).
Cell culture. Primary cortical neurons were prepared from newborn Sprague Dawley rats as described (Xia et al., 1996) . Briefly, Postnatal day 0 cortical neurons were dissociated and cultured at a density of 0.5 ϫ 10 6 per well in 24-well plates for luciferase (luc) reporter gene assay, 2 ϫ 10 6 per plate in 35 mm plates with coverslips for apoptosis assay, or 3 ϫ 10 6 per plate in 60 mm plates for RNase protection assay. All plates and coverslips were coated with poly-d-lysine and laminin. The neurons were cultured in basal medium Eagle (BME) supplemented with 10% heatinactivated bovine calf serum, 35 mM glucose, 1 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Cytosine-␤-darabinofuranoside (2.5 M) was added at day 2 in vitro (DIV 2) after plating to prevent the proliferation of non-neuronal cells.
Luciferase reporter gene assays. At DIV 3, cortical neurons plated on 24-well plates were transfected with LipofectAMINE 2000 per the manufacturer's instructions with slight modifications. Briefly, 1 g of total DNA was diluted in 50 l of OptiMEM medium. LipofectAMINE (2 l) was combined with 50 l of OptiMEM and added drop-wise to the DNA in OptiMEM. Conditioned media were removed and saved. Five hundred microliters of BME supplemented with 35 mM glucose, 1 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin were added to each well. One hundred microliters of the LipofectAMINE-DNA mix was added drop-wise to each well. The cells were then incubated at 37°C for 2 hr. The transfection media were removed, and the saved conditioned media were added back. At 48 -60 hr after transfection, cells were switched to serum-free media to reduce background. Cells were treated with 10 ng/ml BDNF or vehicle control where indicated. Luciferase and ␤-galactosidase activities were assayed 6 hr after switching to serum-free media as described (Impey et al., 1996) . The reporter gene luciferase activity was normalized to ␤-galactosidase activity and expressed as percent SRE-luciferase activity relative to control. There is no observable difference in the response of a cell to transcriptional regulation monitored by luciferase assay during this time frame (48 -60 hr after transfection).
Transient transfection of primary cortical neurons and cell death assays. Neurons were transiently transfected at DIV 3-4 as described using a calcium-phosphate coprecipitation protocol (Xia et al., 1996; Hetman et al., 1999) . Neurons were cotransfected with an expression vector encoding ␤-galactosidase (UB6-lacZ) as a marker for transfected cells. Two days after transfection, cells were treated with camptothecin or trophic withdrawal for 24 hr, and apoptosis was scored by nuclear fragmentation and condensation as described (Hetman et al., 1999 (Hetman et al., , 2000 Namgung and Xia, 2000; Figueroa-Masot et al., 2001) . To ensure unbiased counting, slides were coded, and apoptosis was scored without knowledge of the treatment. Statistical analysis of the data was performed using one-way ANOVA.
RNA isolation and RNase protection analysis. Neurons were cultured and transfected as described (Xia et al., 1996) . Cells were stimulated with BDNF for 1 hr at 48 -60 hr after transfection. RNA was then isolated, and RNase protection was performed as described (Chomczynski and Sacchi, 1987; Sheng et al., 1988; Xia et al., 1996) . There is no observable difference in the response of a cell to transcriptional regulation during this time frame (48 -60 hr after transfection). In each experiment, the levels of expression of the transfected human c-fos gene (fos h ), the endogenous rat c-fos gene (fos r ), and the transfected ␣-globin gene were determined using an RNase protection assay (Sheng et al., 1988) . The correctly initiated and spliced human c-fos gene transcript protects a 296-nucleotide fragment of the c-fos probe, whereas the endogenous rat c-fos mRNA protects a 65-nucleotide fragment. The correctly initiated human ␣-globin gene transcript protects a 133-nucleotide fragment of the globin probe. The endogenous rat c-fos mRNA was used as a control for BDNF stimulation and RNase protection, whereas the cotransfected human ␣-globin gene was used as a control to normalize transfection.
Trophic deprivation. Trophic deprivation was performed at DIV 5 or 2 d after transfection as described (Hetman et al., 2000) . Briefly, conditioned media were removed and saved. The cells were washed twice with serum-free BME medium and then placed in serum-free BME medium in the presence of 10 M MK801, an NMDA receptor blocker (Ϫserum), or in the saved conditioned media as a control (ϩserum).
Mitotracker staining to assay for cell viability. Cortical neurons were incubated with 10 nM Mitotracker Red CMXRos (Molecular Probes, Eugene, OR) at 37°C for 30 min to stain mitochondria. Cells were washed in PBS and fixed with 3.7% formaldehyde at 37°C for 15 min. The cells were then stained with Hoechst dye 33342 as previously described (Hetman et al., 1999) .
Western analysis. Western blot analysis of p-Akt and the transfected SRF was performed as described (Hetman et al., 1999) . The polyclonal anti-p-Akt antibody (p-Ser 473) was from Cell Signaling (Beverly, WA); the anti-SRF antibody was from Santa Cruz Biotechnology (Santa Cruz, CA), and the monoclonal anti-␤-actin antibody was from Sigma. Using this anti-SRF antibody and two other SRF antibodies, we were unable to detect endogenous SRF; therefore, we cannot directly compare the level of the expressed SRF with that of the endogenous SRF. This is probably because of the low level of endogenous SRF expression, which is below the detection limit of available antibodies. This is not an uncommon phenomenon for transcription factors, which are generally expressed at very low levels under normal conditions.
Other treatments. Where indicated, BDNF was added at the final concentration of 10 ng/ml; LY294002 was added at 30 M; PD98059 was added at 50 M; and camptothecin was added at 5 M. Equal volumes of DMSO were added to control samples as a vehicle control for LY294002, PD98059, and camptothecin.
Results

BDNF stimulates SRE/SRF-mediated transcription via PI3K activation in cortical neurons
To determine whether growth factor stimulation of SRE/SRFmediated transcription in neurons from the CNS requires PI3K activation, we transiently transfected cortical neurons cultured from newborn rats with a luc reporter gene construct driven by five repeats of SRE (5ϫSRE-luciferase; Poser et al., 2000) . All luciferase activities were assayed under serum-free conditions to reduce background. Addition of 10 ng/ml BDNF stimulated SRE-luciferase activity ( Fig. 1 A) . To ascertain whether SRF is required for BDNF stimulation of SRE-mediated transcription, cortical neurons were cotransfected with a dominantnegative SRF expression vector. This dominant-negative SRF has a deletion in the C-terminal activation domain of SRF (⌬339 -508). Thus, the mutant SRF can still interact with endogenous wild-type SRF and can form dimers that do not activate transcription (Johansen and Prywes, 1993) . Expression of the dominant negative SRF prevented BDNF from activating SRE ( Fig. 1 A) , suggesting that SRF is obligatory for BDNF stimulation of the SRE reporter gene in cortical neurons.
Further evidence supporting a role for SRF in BDNF stimulation of SREmediated transcription was provided by an experiment using the SRE promoter element of a native gene, c-fos (Fig. 1 B) . Various human fos h reporter genes were transfected into cortical neurons. The plasmid pAF42.SRE.wt (wild-type SRE) contains a single copy of the wild-type human c-fos SRE inserted 42 bp 5Ј of the transcription initiation site in the plasmid pAF42. pAF42 contains a copy of the human c-fos gene in which the promoter has been deleted of all known transcription regulatory sequences 5Ј of the TATAA box (Rivera et al., 1990) . Three days after transfection, cells were stimulated with BDNF for 1 hr. Transcription from the pAF42.SRE.wt reporter was efficiently induced by BDNF ( Fig. 1 B, fos  h ). In contrast, mutations in the SRE that disrupt the binding of SRF to the SRE (SRE.pm1 or SRE.mut2; Rivera et al., 1990; Misra et al., 1994) abolished BDNF induction of transcription through the SRE (Fig. 1B) . This experiment established that SRF is necessary for BDNF-stimulation of SRE transcription. Is SRF sufficient for SRE-mediated transcription? Expression of a wild-type but not the dominant-negative SRF induced SRE-mediated transcription even under trophic withdrawal conditions (Fig. 1C) , suggesting a sufficiency of SRF in SRE-mediated transcription in cortical neurons.
To determine whether the PI3K pathway mediates BDNF stimulation of SRE transcription, cortical neurons were transfected with a dominant negative form of the p85 subunit to selectively inhibit PI3K (Dhand et al., 1994) . Expression of the dominant interfering p85 blocked BDNF stimulation of SREmediated transcription (Fig. 2 A) . Furthermore, treatment with a PI3K inhibitor, LY294002, also prevented BDNF stimulation of SRE-mediated transcription (Fig. 2 B) . These data demonstrate that PI3K activity is required for BDNF stimulation of SREmediated transcription in cortical neurons. A, BDNF stimulation of SRE-mediated transcription is blocked by coexpression of a dn SRF. Cortical neurons plated in 24-well plates were transfected using LipofectAMINE 2000 with 0.6 g of DNA per well of a 5ϫSRE-driven luc reporter and 0.3 g of DNA per well of a dn SRF or vector control to measure SRE-mediated transcription. At 60 hr after transfection, cells were placed in serum-free media and treated with 10 ng/ml BDNF or vehicle control (C) where indicated. Reporter gene activity was measured 6 hr later. B, Effects of mutations within the SRE that interfere with the binding of SRF on SRE-mediated transcription. Cortical neurons (3 ϫ 10 6 cells per 60 mm plate) were transfected using a calcium phosphate coprecipitation method with 1 g of pAF42.SRE.wt or constructs with mutations in the SRE that disrupt SRF binding (pAF42.SRE.pm1 and pAF42.SRE.mut2). A ␣-globin gene was cotransfected as a control for transfection efficiency and equal loading. Forty eight to 60 hr after transfection, the cells were treated for 1 hr with vehicle control (Ϫ) or BDNF (ϩ). Similar results were obtained from three independent experiments. The transcription from the endogenous fos gene (fos r ) serves as a control for BDNF stimulation and RNase protection. C, Expression of a wild-type SRF but not the vector control or the dominant negative SRF, is sufficient to induce SRE-mediated transcription even under trophic withdrawal conditions. Cortical neurons were transfected with a wt or dn SRF or vector control (0.6 g of DNA per well) as described in A. Data (A, C) are from three independent experiments of quadruplicate determinants. Error bars indicate SEM.
Figure 2. BDNF stimulation of SRE/SRF-mediated transcription in cortical neurons requires PI3K activity. Cortical neurons plated in 24-well plates were transfected with a 5ϫSRE-driven luciferase reporter to measure SRE-mediated transcription as described in Figure 1 A. A, BDNF (10 ng/ml) stimulation of SRE-mediated transcription is blocked by coexpression of a dominant negative PI3K (dn p85). B, BDNF stimulation of SRE-mediated transcription is blocked by LY294002 (LY, 30 M), a PI3K inhibitor, and by PD98059 (PD, 50 M), an MKK1 inhibitor that inhibits ERK1/2 activation. C, Expression of a constitutive active PI3K (p110*) stimulates SRE-mediated transcription, which is blocked by coexpression of a dominant negative SRF. Data are from three independent experiments of quadruplicate determinants. Error bars indicate SEM.
Is SRF critical for PI3K stimulation of SRE-mediated transcription? To address this issue, cortical neurons were transfected with a constitutive active (p110*) catalytic subunit of PI3K (Hu et al., 1995) with or without cotransfection of a dominant-negative SRF (Fig. 2C) . Expression of p110* stimulated transcription initiated from SRE, which was blocked by the dominant negative SRF. Together, these data suggest that PI3K is key to BDNF stimulation of SRE/SRF-mediated transcription in cortical neurons.
Expression of a wild-type SRF is sufficient to protect cortical neurons from trophic deprivationinduced apoptosis We previously established that BDNF protects postnatal cortical neurons against trophic deprivation (Hetman et al., 1999) . To test the hypothesis that SRE/SRFmediated transcription plays a role in BDNF neuroprotection, we asked whether expression of a wild-type SRF protects against trophic withdrawal. Cortical neurons were transiently transfected with an expression vector for wild-type SRF or its cloning vector as a control (Fig. 3) . Two days after transfection, cells were treated with trophic withdrawal to induce apoptosis, as previously described (Hetman et al., 1999) . Transfected cells were identified by immunostaining of the cotransfected marker protein ␤-galactosidase (Fig. 3A,B , top panels). Apoptotic cells were identified after Hoechst staining of the nuclei (Fig.  3A ,B, bottom panels). Under normal conditions (Fig. 3A, a, b) , most of the transfected cells were healthy with uniformly stained nuclei. After 24 hr trophic withdrawal, many of the vector control transfected cells have fragmented and condensed nuclei, indicative of apoptosis (Fig.  3A, c, d ). Treatment with 10 ng/ml BDNF prevented this apoptosis (Fig. 3A, e, f ) . Likewise, expression of the wild-type SRF rescued cells from trophic withdrawal (Fig. 3A, g, h) . To ascertain that cells expressing SRF are not only prevented from undergoing nuclear fragmentation and condensation but also viable, we evaluated neuronal viability by staining the cells with a mitotracker, CMXRos. This mitotracker is sensitive to mitochondria membrane potential; thus, this staining can be used as an indicator of cell viability. In live cells, mitochondria membrane potential is maintained, and the mitotracker is retained in the mitochondria, manifesting a punctate staining pattern. In contrast, when mitochondria membrane potential is lost, the mitotracker cannot be retained in the mitochondria, and the staining is diffuse throughout the cytoplasm, indicative of nonviable cells. Like cells in the presence of serum, cells transfected with a wild-type SRF showed punctate mitotracker staining and uniformly stained nuclear morphology even under trophic deprivation conditions (Fig. 3B) , indicating that they have maintained In all cases, a ␤-galactosidase expression vector was cotransfectedasamarkerfortransfection.Twodaysaftertransfection,cellswerewashedtwicewithserum-freemediumandthenplaced inserum-freemedium(ϪS),serum-containingconditionedmedium(ϩS),or10ng/mlBDNFasindicated.Twenty-fourhourslater,cells werefixedandimmunostainedwithanantibodyagainst␤-galactosidasetoidentifytransfectedcells(toppanels).Hoechst33342staining wasusedtovisualizenuclearmorphology(bottompanels).Arrowspointtothenucleioftransfectedcells.Thearrow-pointednucleiindare fragmented and condensed, characteristic of apoptosis, whereas those in panels b, f, and h are evenly stained, indicating healthy cells. B, CellsexpressingSRFmaintainviabilityafterserumwithdrawal.CorticalneuronsweretransfectedwithvectorcontrolorwtSRF(4g)and subjected to serum deprivation (ϪS) for 24 hr as in A. The cells were then incubated with 10 nM Mitotracker Red CMXRos to stain mitochondria (middle panels). Thirty minutes later, the cells were fixed and stained with an antibody against ␤-galactosidase to identify transfected cells (top panels) and with Hoechst dye 33342 to visualize nuclear morphology (bottom panels). Note that the cell transfected with the wt SRF has evenly stained nuclei and exhibits a punctate staining pattern for the mitotracker (arrow), indicating that it is nonapoptotic and viable. In contrast, the control transfected cell has typical apoptotic nuclear morphology and diffuse mitotracker staining,indicatingthatitisapoptoticandnonviable.C,D,SRFprotectscorticalneuronsfromtrophicwithdrawalinadosedependentmanner. Cortical neurons were transfected at DIV 3 with varying concentrations of a wt SRF DNA (0 -4 g). Cells were also cotransfected with a plasmidDNAencoding␤-galactosidaseasamarkerfortransfection.TheCGNvectorDNAwasusedasasupplementsothatallplateshave an equal amount of DNA. Two days after transfection, cells were washed twice with serum-free medium and then placed in serum-free medium (ϪS) or serum-containing conditioned medium (ϩS). Apoptosis in the transfected cell population (␤-galactosidase-stained neurons; C) and the general cell population (D) was scored 24 hr later. Results are averages of five independent experiments Ϯ SEM; ***p Յ 0.001(ANOVA). NS, Not statistically significant. E, Western analysis for transfected SRF. Cortical neurons were transfected and treatedasinCandD.Celllysateswereprepared2daftertransfection,and25goftotalproteinwasusedforWesternblottingagainstSRF. Western analysis of ␤-actin was used as a loading control. The transfected SRF is expressed in a dose-dependent manner.
their mitochondria membrane potential and are viable. However, vector control-transfected cells under trophic deprivation conditions exhibited diffuse mitotracker staining and fragmented nuclear morphology, indicating that they are nonviable.
The neuroprotection by SRF was dose-dependent and statistically significant ( Fig. 3C ; p Յ 0.001). Cells transfected with the vector control showed a significant increase in apoptosis after trophic withdrawal. Although 1 g of SRF DNA had little effect, cells transfected with 2-4 g SRF DNA showed a substantial reduction in apoptosis. The protective effect of SRF was maximal when cells were transfected with 3-4 g of SRF DNA. To control for transfection-associated neurotoxicity, apoptosis was also quantitated in the general (all) cell population (Fig. 3D) . Because the transfection efficiency is low (Ͻ5%), apoptosis in the general cell population should closely reflect that in the nontransfected cell population. Trophic withdrawal induced similar levels (ϳ50%) of apoptosis in vector control-transfected cells and in the general population (Fig. 3C,D) , suggesting that transient transfection per se did not have a nonspecific effect on neuronal apoptosis in transfected cells. Furthermore, the dose-dependent neuroprotection correlated well with the dose-dependent expression of SRF (Fig. 3E) . Together with data shown in Figure 1C , these results suggest that expression of a wild-type SRF is sufficient to activate SRE-mediated gene expression and to protect cortical neurons from apoptosis during trophic deprivation.
SRF contributes to BDNF and PI3K neuroprotection against trophic withdrawal
To determine whether SRE/SRF-mediated transcription is important for the neuroprotective effect of BDNF, cortical neurons were transfected with a vector control or 4 g of the dominantnegative SRF DNA. Two days after transfection, cells were subjected to trophic withdrawal in the presence or absence of BDNF, and apoptosis in transfected cells was scored 24 hr later (Fig. 4) . As shown earlier, BDNF protected cortical neurons from trophic withdrawal. However, expression of a dominant negative SRF, which interferes with SRE-mediated gene expression, significantly inhibited the protective effect of BDNF ( p Յ 0.001). These data suggest that SRE/SRF-mediated transcription plays a critical role in BDNF neuroprotection against trophic deprivation. The incomplete inhibition of neuroprotection afforded by the dominant negative SRF suggests that several pathways may contribute to BDNF neuroprotection.
BDNF neuroprotection against trophic deprivation is primarily mediated through PI3K signaling (Hetman et al., 1999) . To determine whether PI3K neuroprotection is mediated through SRF, we transiently transfected cortical neurons with a constitutive active PI3K (p110*; Hu et al., 1995) with or without cotransfection with a dominant negative SRF (Fig. 5) . Expression of p110* partially protected cortical neurons from trophic deprivation ( Fig. 5A ; p Յ 0.01), consistent with our previous report (Hetman et al., 1999) . Coexpression of a dominant negative SRF significantly reversed the protection afforded by p110* ( p Յ 0.001), placing SRF downstream from PI3K in the BDNF neuroprotection signaling pathway. We also examined the effect of endogenous PI3K activity on the neuroprotective capacity of SRF. Cortical neurons were transfected with wild-type SRF or control vector and subjected to trophic withdrawal with or without LY294002 treatment (Fig.  5B,C) . In the presence of serum, there is a considerable level of basal PI3K activity assessed by Akt phosphorylation (Fig. 5C ). This endogenous PI3K activity is dramatically reduced on serum withdrawal and completely inhibited by LY294002 (Fig. 5C) , consistent with our previous report (Hetman et al., 2000) . Inhibition of endogenous PI3K activity by LY294002 almost completely reversed the protective activity of SRF against trophic withdrawal ( Fig. 5B ; p Յ 0.001). This suggests that the neuroprotective activity of the transfected wild-type SRF is regulated by upstream endogenous PI3K activity. Together with data shown in Figure 2 B, these data implicate BDNF-PI3K-SRE/SRF-mediated transcription as a neuroprotective pathway against trophic deprivation.
Expression of wild-type SRF protects cortical neurons against DNA damage SRE-mediated transcription in CNS neurons is also regulated by the ERK1/2 pathway via phosphorylation of TCFs (Xia et al., 1996) . Indeed, PD98059, an inhibitor for MKK1/2, inhibited BDNF stimulation of SRE-mediated transcription in cortical neurons (Fig. 2 B) . Because SRF is obligatory for SRE-mediated transcription in all cells, SRF function is also essential for ERK1/2 activation of SRE-mediated transcription (Treisman, 1995; Xia et al., 1996) . Thus, we examined whether SRE/SRF-mediated gene expression also plays a role in neuronal survival directed by ERK1/2 signaling. We used our previously established experimental paradigm in which BDNF protects cortical neurons against camptothecin in an ERK1/2-dependent manner (Hetman et al., 1999) . Camptothecin is an anticancer drug, and apoptosis induced by camptothecin has been used as a model to study neuronal apoptosis induced by DNA damage (Morris and Geller, 1996; Park et al., 1997; Hetman et al., 1999) .
To test the hypothesis that ERK1/2 induction of SRE/SRFmediated transcription plays a role in BDNF neuroprotection, we determined whether expression of wild-type SRF protects neurons against camptothecin. Cortical neurons were transiently transfected with varying amounts of a wild-type SRF DNA or its vector control (Fig. 6) . Two days after transfection, cells were treated with 5 M camptothecin to induce apoptosis, as previously described (Hetman et al., 1999) . Expression of SRF protected cortical neurons from camptothecin-induced apoptosis in a dose-dependent manner (Fig. 6 B) . Camptothecin induced similar levels (ϳ60 -70%) of apoptosis in vector control-transfected cells and in the general population (Fig. 6 B,C) , suggesting that transient transfection per se did not have a nonspecific effect on neuronal apoptosis in transfected cells. These results suggest that SRE/SRF-mediated gene expression is sufficient to counteract DNA damage-induced apoptosis in cortical neurons. . SRF is necessary for full neuroprotection provided by BDNF against trophic deprivation. Cortical neurons were transfected with control vector (4 g) or dn SRF (4 g) and treated as described in Figure 3 . BDNF was added at 10 ng/ml where indicated. Results are averages of three independent experiments Ϯ SEM; ***p Յ 0.001(ANOVA).
BDNF protection against camptothecin is mediated by SRF
We next asked whether SRF is necessary for the neuroprotection of BDNF against camptothecin. Cortical neurons were transfected with 4 g of DNA encoding a dominant-negative SRF or vector control (Fig. 7A) . Two days after transfection, cells were treated with 5 M camptothecin in the presence or absence of 10 ng/ml BDNF as indicated. Apoptosis in transfected cells was scored 24 hr later. Consistent with our previous report (Hetman et al., 1999) , BDNF protected cortical neurons from camptothecin-induced apoptosis (Fig.  7A) . Expression of the dominant-negative SRF partially inhibited the neuroprotective effect of BDNF ( p Յ 0.05). Partial inhibition of neuroprotection afforded by dominant-negative SRF suggests that several mechanisms may contribute to BDNF neuroprotection.
BDNF neuroprotection against camptothecin is mediated primarily by activation of the ERK1/2 signaling pathway (Hetman et al., 1999) . Does ERK1/2 activate SRE/SRF-mediated transcription to counteract camptothecin toxicity? We addressed this question using dominant negative SRF to prevent ERK1/2 activation of SRE-mediated transcription. Cortical neurons were cotransfected with a constitutive active MKK1 to active ERK1/2 and a dominant negative SRF to block SRF function (Fig. 7B) . Expression of a constitutive active MKK1 provided protection against camptothecin ( p Յ 0.05). Coexpression of a dominant-negative SRF completely reversed this neuroprotection ( p Յ 0.001). These data suggest that SRF-mediated transcription is necessary for BDNF protection against camptothecin, a process mediated through ERK1/2 signaling.
Discussion
The objective of this study was to define the role of SRE/SRF-mediated gene expression for neuronal survival. SRF is a ubiquitously expressed transcription factor that plays a role in muscle differentiation, cellular growth, and cardiac development (Zhang et al., 2001; Chen et al., 2002; Miano, 2003) . Furthermore, SRF is widely expressed in the CNS both during development and in adults (Stringer et al., 2002) . Because SRE/SRF-mediated transcription is regulated by glutamate and calcium in neurons, it has been implicated in regulating synaptic activity (Xia et al., 1996; Johnson et al., 1997) . However, a biological function of SRF in neurons has not been directly demonstrated. Here we show that SRF promotes neuronal survival, providing the first description of a biological function for SRF in CNS neurons.
Expression of a wild-type SRF was sufficient to protect cortical neurons against trophic deprivation and camptothecin treatment. In contrast, expression of a dominant negative SRF blocked BDNF and PI3K neuroprotection against trophic withdrawal. It also prevented BDNF and ERK1/2 neuroprotection against the DNA-damaging agent camptothecin. Our data suggest that SRE/SRF-mediated transcription is critical for BDNF neuroprotection mediated through the PI3K and ERK1/2 signaling pathways.
It is widely accepted that growth factor stimulation of SREmediated transcription depends on ERK1/2 activation and subsequent phosphorylation of TCFs (Gille et al., 1992; Janknecht et al., 1993; Marais et al., 1993; Hipskind et al., 1994; Gille et al., 1995; Miranti et al., 1995; Price et al., 1995) . Indeed, BDNF stimulation of SRE-mediated transcription is reduced by PD98059 inhibition of ERK1/2 signaling. Interestingly, we report here that BDNF stimulates SRE-mediated gene expression in cortical neurons in an SRF-and PI3K-dependent manner. Furthermore, PI3K induction of SREmediated transcription required SRF. These results suggest a Figure 5 . Role of PI3K signaling in SRF neuroprotection against trophic deprivation. Cortical neurons were transfected with 4 g of DNA of a control vector, a dn SRF, or a constitutive active PI3K (p110*) where indicated and treated as described in Figure 3 . A, Neuroprotection against trophic deprivation provided by expression of a constitutive active PI3K is reversed by coexpression of a dn SRF, suggesting that SRF contributes to PI3K neuroprotection. B, Neuroprotection afforded by expression of the wild-type SRF is completely reversed by 30 M LY294002 treatment (LY), suggesting that the activity of the endogenous PI3K is necessary for SRF neuroprotection. C, Anti-phospho-Akt (p-Akt) Western analysis demonstrating complete inhibition of endogenous PI3K activity in the presence of 30 M LY294002 (LY). Relative levels of p-Akt were normalized to the loading control ␤-actin. Results are averages of three independent experiments Ϯ SEM; **p Յ 0.01; ***p Յ 0.001 (ANOVA). Figure 6 . Expression of a wild-type SRF is sufficient to protect cortical neurons against camptothecin, a DNA-damaging agent. A, Representative photomicrographs of cortical neurons. Primary cortical neurons were transfected with vector control or an expression vector for wild-type SRF (4 g). In all cases, a ␤-galactosidase expression vector was cotransfected as a marker for transfection. Two days after transfection, cells were treated with 5 M camptothecin (CPT). Twenty-four hours later, cells were fixed and immunostained with an antibody against ␤-galactosidase to identify transfected cells (a, c). Hoechst 33342 staining was used to visualize nuclear morphology (b, d) . Arrows point to the nuclei of transfected cells. The arrow-pointed nuclei in b are apoptotic, whereas those in d are healthy. B, C, Quantitation of SRF neuroprotection against camptothecin. Cortical neurons were transfected with varying concentrations of a wt SRF (0 -4 g). The CGN vector DNA was used as a supplement so that all plates have equal amount of DNA. Two days after transfection, cells were treated with 5 M camptothecin or vehicle control (C), and apoptosis in transfected cells ( B) and in the general cell population ( C) was scored 24 hr later. Results are averages of three independent experiments Ϯ SEM; ***p Յ 0.001(ANOVA). NS, Not statistically significant. critical role for PI3K in BDNF stimulation of SRE-mediated transcription in CNS neurons. Thus, neurotrophin stimulation of SRE/SRF-mediated transcription requires both PI3K and ERK1/2 signal transduction systems.
Although the mechanism by which SRF contributes to neuroprotection is unknown, induction of prosurvival genes through SRE is a likely explanation. SRE is found in a variety of genes, including the immediate early genes c-fos, fosB, junB, egr-1 and -2, nurr1, and nur77, as well as actins and myosins (Chai and Tarnawski, 2002) . For example, SRE was originally identified in the promoter of the immediate early gene c-fos, whose expression is regulated by SRF binding to SRE (Treisman, 1992 (Treisman, , 1995 . Interestingly, it was recently reported that c-fos plays a critical role in neuronal survival after kainite treatment by regulating the expression of BDNF and glutamate receptor 6 (Zhang et al., 2002) . Another antiapoptotic protein that may be regulated through SRE is MCL-1, a member of the Bcl-2 family that protects cell lines from DNA damage and other cytotoxic drugs (Yang et al., 1996; Zhan et al., 1997; Townsend et al., 1999; Akgul et al., 2000) .
We observed that transfected SRF exerted a dose-dependent protection against trophic withdrawal. Because the effect of SRF depends on its interaction with much lower amounts of endogenous SRE promoter element, one might expect that any amount of transfected SRF would be more than enough to complex with endogenous SRE. However, only a wild-type SRF was transfected into neurons in this study. The transcriptional activity and neuroprotective effect of both the endogenous and transfected wildtype SRF depend on its activation by the upstream PI3K pathway. In the presence of serum, there is a considerable level of basal PI3K activity that is sufficient to activate the endogenous SRF or the transfected wild-type SRF. In fact, in the presence of serum, expression of 4 g of SRF does not further decrease the basal level of apoptosis compared with vector control transfected cells (Fig.  3C ). This suggests that when there is relatively high level of PI3K activity in the presence of serum; there is no dose-dependent effect of SRF; and the endogenous level of SRF is sufficient to provide the neuroprotection. However, on serum withdrawal, the endogenous PI3K activity is dramatically reduced, and this is likely to yield a much less efficient activation of the downstream SRF so that SRF binding to and activating the "much lower amounts of the endogenous SRE" is far from saturated. With an increasing amount of SRF transfected and expressed, it may facilitate SRF activation by increasing substrate SRF concentration. This may yield more functionally active SRF, thus the observed SRF dose-response protection. LY294002 completely inhibited the remaining endogenous PI3K activity in the absence of serum, thus preventing the activation of the transfected wild-type SRF. This may explain why LY294002 abolishes neuroprotection of expressed SRF.
Several mechanisms downstream from PI3K have been implicated in executing the prosurvival effect of PI3K against trophic withdrawal, including inhibition of GSK3␤ and phosphorylation and inactivation of BAD (Datta et al., 1997; del Peso et al., 1997) , caspase 9 (Cardone et al., 1998) , and FKHRL1 . Data presented here suggest SRE/SRF-mediated transcription as another neuroprotective mechanism downstream from PI3K.
ERK1/2 neuroprotection against trophic withdrawal in cerebellar granule neurons and sympathetic ganglion neurons has been attributed to activation of CREB or phosphorylation and inactivation of BAD Riccio et al., 1999) . However, downstream mechanisms mediating ERK1/2 neuroprotection against camptothecin have not been identified. Our data suggest that ERK1/2 protects cortical neurons against camptothecin, at least in part, by activating SRE/SRF-mediated transcription. Furthermore, BDNF protects neurons from trophic withdrawal-and camptothecin-induced apoptosis by actively inducing SRE/SRF-mediated transcription, providing a downstream neuroprotective mechanism common to both PI3K and ERK1/2 pathways.
In summary, we describe here a novel mechanism whereby SRE/SRF-mediated transcription plays an important role in neuroprotection against both trophic deprivation and camptothecininduced DNA damage. This is, to our knowledge, the first direct demonstration of a biological function for SRF in CNS neurons and identifies SRF as a pivotal downstream target for ERK1/2-and PI3K-mediated neuroprotection. . BDNF protection against camptothecin is mediated by SRF. A, Expression of a dominant negative SRF reduces BDNF neuroprotection against camptothecin. B, Expression of a dominant negative SRF reduces neuroprotection of a constitutive active MKK1 against camptothecin. Cortical neurons were transfected with control vector (4 g), a dn SRF (4 g), or a constitutive active MKK1 (4 g), a kinase that phosphorylates and activates ERK1/2. Cells were treated with vehicle control (C) or 5 M camptothecin (CPT) as described in Figure 6 . BDNF was added at 10 ng/ml at the time of camptothecin treatment. Results are averages of three independent experiments Ϯ SEM; *p Յ 0.05; ***p Յ 0.001(ANOVA).
